P ercutaneous revascularization has been practiced clinically for nearly 30 years, since Dotter and Judkins' used Teflon catheters to dilate peripheral arteries in patients with claudication. Coronary balloon angioplasty, first performed by Gruentzig and colleagues2-9 in 1977, is now a standard treatment modality, the application of which continues to increase annually. Together, percutaneous peripheral and coronary revascularization procedures are performed several hundred thousand times per year in the United States alone. The clinical success of these methods has been well documented.10-15 Conversely, the exact pathophysiological mechanism by which balloon angioplasty improves antegrade blood flow in stenotic arteries remains enigmatic. This is in large part a result of methodological limitations imposed by the success of balloon angioplasty. Death immediately after balloon angioplasty is uncommon. Consequently, few patients have been studied at necropsy immediately after angioplasty. [16] [17] [18] [19] [20] [21] [22] Although the histological analyses reported in this relatively small number of patients constitute the most important data previously available regarding the mechanism of balloon angioplasty, an inescapable liability of the histological examination is that it is performed only post hoc. This obviates the opportunity for serial analyses, essential for evaluation of mechanisms such as plaque compression and stretching of the arterial wall. Although contrast angiography is routinely performed before as well as after angioplasty, the fact that the conventional angiographic format is limited to a profile of luminal diameter, rather than depiction of cross-sectional area, has, along with other methodological limitations,23-27 compromised its usefulness for the study of angioplasty mechanisms.
In contrast to angiography, images obtained by percutaneous intravascular ultrasound (IVUS) routinely depict the full cross-sectional thickness of the arterial wall,28-39 thus providing a perspective similar to that achieved by histological examination. In contrast to histological examination, however, IVUS examinations may be performed in serial fashion and thereby more fully document alterations specifically attributable to percutaneous interventions.39 Accordingly, the present investigation was designed to perform serial examinations before and after balloon angioplasty in vivo to determine those mechanisms by which balloon angioplasty increases luminal patency.
Methods

Intravascular Ultrasound Catheter
The IVUS catheter39 (Boston Scientific, Watertown, Mass.) used in the present investigation consists of a braided polyethylene outer shell enclosing a rotary drive shaft with a single-element transducer at its tip. The catheter used has an outer dimension of 6.2F and a total length of 95 cm, including a removable guide wire. The guide wire enters via a port in the distal catheter tip (o.d., 1.5 mm), exits the catheter 2.6 cm from the tip, then passes through a 2.4-cm-long sidesaddle beginning 8 The catheter is used with an imaging console adapted for 20-MHz operation and 3600 scans (Diasonics, Milpitas, Calif.). The pulse repetition frequency used is 30 kHz. The number of scans per second is 15, corresponding to 900 rpm. The number of vectors scanned in one revolution is 1,024. Vectors are converted, stored, processed, and displayed through a real-time scan converter with standard video output, allowing images to be archived on videotape or a multiformat film camera for later study. A video hard copy unit is also available for recording still images during the procedure.
Patients
Forty consecutive patients undergoing percutaneous iliac artery angioplasty were included in the present study. Exclusion criteria were limited to anatomic situations in which luminal diameter and/or the site and extent of vascular disease precluded introduction of an 8F sheath for the wire-guided IVUS device or a total occlusion in which predilation morphometric analysis with IVUS was not possible. Under these criteria, five patients were eliminated to obtain the present series.
Catheter Introduction
The IVUS catheter was wire-guided in retrograde fashion under combined intermittent fluoroscopic and continuous ultrasound guidance to the site of intended intervention in the iliac artery. Images were obtained at the site of maximum stenosis, as identified by IVUS examination, and at the adjacent sites proximal and distal to the stenosis. The image selected for morphometric analysis was, in each patient, obtained from the site of maximum stenosis before and after angioplasty. After completion of the preintervention imaging, the IVUS catheter was removed with the guide wire left in place. Balloon angioplasty was then performed according to standard techniques. The balloon diameter was selected on the basis of the preinterventional IVUS measurement of the most normal-appearing iliac segment near the site of maximum stenosis. Upon completion of balloon dilation, the angioplasty catheter was exchanged for the IVUS catheter, and imaging of the treated site was repeated. During both examinations of the artery with IVUS, care was taken to reposition the ultrasound transducer at the same (treated) site according to a prepositioned radiographic ruler; in addition, bony landmarks and branches of the vascular tree were used to confirm that preangioplasty and postangioplasty IVUS analysis was performed on ultrasound frames from identical sites. In all cases, vasodilators were not used before acquisition of either the preangioplasty or postangioplasty ultrasound images. Gating of ultrasound images with respect to systole and diastole was not done in this study, because the severely atherosclerotic peripheral vessels examined showed no appreciable changes in luminal contour during the cardiac cycle.
Imaging
Images were recorded on 1/2-in. videotape. On-line monitoring was done with two 9-in. monitors, one of which was positioned opposite the catheter operator while the second screen, mounted on the control 1) Total arterial cross-sectional area was measured to assess the extent to which stretching of the arterial wall contributed to enhanced luminal patency after angioplasty. Total arterial area was measured by direct planimetry of the area contained within the outer border of the media. The rationale for this strategy was twofold. First, in the iliac arteries the media is easily and consistently identified by IVUS.32,36,39 Second, the boundaries of the adventitia per se are typically ambiguous not only by IVUS but also by direct pathological examination, because this layer of arterial wall consists principally of loose connective tissue.
2) Luminal cross-sectional area was planimetered before and after angioplasty. To ensure that only functional lumen was included in these measurements, injections of agitated saline were performed to confirm definition of the luminal boundaries. For postangioplasty analyses, in addition to the neoluminal cross-sectional area, that portion of the neolumen contributed by plaque fractures was measured independently as well.
3) Plaque cross-sectional area was measured by subtracting the luminal area from the total arterial area. Because the total arterial area was measured by tracing the media, the plaque area necessarily includes area contributed by the media. Previous studies involving pathological40 as well as in vivo ultrasound29 4' analyses, however, have shown that the contribution made by the media is negligible, particularly in severely atherosclerotic arteries such as those included in the present study, in which the media is typically attenuated. 40 4) Luminal diameter was measured in longest and shortest axes to obtain minimal and maximal luminal diameter.
5) Total artery diameter was measured in two perpendicular axes and was reported as the mean of these two measurements.
Quantitative analysis was done with a computerized arterial analysis system (ImageComm, Inc., Santa Clara, Calif.). Images from /-in. video recordings were digitized directly from videotape into the computer system used for analysis. In the peripheral arterial segments analyzed in this study, luminal dimensions showed no appreciable variation between systolic and diastolic dimensions. Consequently, image quality was the principal factor determining selection for digitization. All measurements were then performed by use of computer "mouse"-directed electronic calipers. By calibration of the system to the known size of the ultrasound catheter, the computer-derived measurements (in pixels) were converted into millimeters. In each case, the site of maximum luminal narrowing, as determined by IVUS, was selected for quantitative analysis. Analysis
Comparison of the following preangioplasty and postangioplasty arterial dimensions were performed: 1) minimal luminal diameter; 2) luminal cross-sectional area including area within plaque fractures after angioplasty and luminal cross-sectional area excluding area within plaque fractures; 3) plaque cross-sectional area; 4) total artery diameter; and 5) total artery crosssectional area.
Mean+SEM was calculated for each of the measurements, and comparisons between preangioplasty and postangioplasty values were made with the paired twotailed t test. Statistical significance was assigned to a value of p < 0.05.
Angiography
Angiography was performed before and after angioplasty in all patients. Luminal dimensions at the stenotic and adjacent normal sites were measured with calipers, and percent stenosis was calculated.
Results
Results are summarized in The postangioplasty neolumen was further analyzed to determine the fraction of the neoluminal crosssectional area contained within the plaque fractures versus the neolumen "proper," i.e., the area of neolumen excluding the area bordered by plaque fractures. The area contained within the fractures measured 10. 0±0.8 mm2 (range, 1.9-25.1 mm2) . The neolumen "proper" measured 15.4±0.8 mm2 (range, 6.8-27.7 mm2). The area contained within the plaque fractures thus accounted for 10.0 of the 13.9 mm2 (71.9%) of total increase in luminal cross-sectional area after angioplasty (r=0.80 for fracture area versus increase in total luminal area) (Figure 3) . Nevertheless, the difference between the preangioplasty cross-sectional area (11.5-+0.6 mm2) and the postangioplasty neolumen "4proper" (15.4±0.8 mm2) was itself statistically significant (p=0.0001). Such augmentation of the preangioplasty lumen, exclusive of neoluminal area contributed by plaque fractures, suggests that a primary reduction in plaque mass (i.e., compression, see below) contributed to the increase in total luminal cross-sectional area after angioplasty.
Plaque area. Cross-sectional area of plaque ( Figures  2-4 (increase in total artery area, 5.5%). Thus, the measured increase in total artery area, inferred to represent "stretching" of the arterial wall, could maximally account for 2.5 mm' (17.9%) of the 13.9-mm2 increase in postangioplasty luminal cross-sectional area. Increase in total arterial area correlated weakly (r=0.53) with the increase in luminal area after angioplasty ( Figure 9 ).
Within the framework of these outcomes for the group as a whole, variations were observed, particularly in the magnitude of the individual morphological responses. Plaque fractures, for example, were observed in all 40 patients after angioplasty. The resulting increase in luminal cross-sectional area varied considerably: in five of 40 patients (12.5%), the area contained within angioplasty-created plaque fractures accounted for <50% of the total increase in luminal cross-sectional area; in 20 of 40 patients (50%), the plaque fractures that resulted from angioplasty accounted for 50-75% of the total increase in lumen area; and in the remaining 15 of 40 patients (37.5%), the angioplasty-induced plaque fractures were responsible for >75% of the increase in luminal cross-sectional area. In this latter category, the plaque fracture area, in addition to augmenting the total lumen area, also encroached on the preangioplasty lumen, resulting in a plaque area that was greater than the total increase in lumen area.
The finding of plaque compression was consistently observed in all 40 patients; the magnitude of this morphological alteration, however, was even more variable than the magnitude of neolumen resulting from plaque fractures. For the total group, the reduction in plaque cross-sectional area ranged from 0.7 mm2 ( (Table 2 ). The pathological specimens used in these studies have typically been obtained from one of two sources: animals in which balloon angioplasty has been applied to experimentally induced atherosclerotic lesions1047-52 and human arteries treated with balloon angioplasty after death or <1 day to 3.5 years before death. Block et al,10 for example, examined 13 atherosclerotic rabbit arteries after balloon angioplasty; findings included disruption of the intima and media without evidence for plaque compression. Sanborn et al4748 performed balloon angioplasty on one iliac artery while preserving the contralateral iliac artery as a control in rabbits with experimentally induced stenoses. Postmortem comparison of the balloon-dilated versus control arteries suggested, in this case, that the predominant angioplasty mechanism was stretching of the arterial wall, although dissections along the internal elastic lamina and fractures were frequently observed at sites of intimal thickening.
Examination of human arteries studied at necropsy after balloon dilation performed during life confirmed some of the observations made earlier in animal models. Block tients who died between 6 hours and 4 days after coronary angioplasty performed for acute myocardial infarction; necropsy examination disclosed intimal hemorrhage and plaque disruption in all four patients. In necropsy studies of patients who died at later intervals after angioplasty, the histopathological findings have typically been less dramatic than those observed acutely. Waller et al,50 for example, studied three. patients who died 80-150 days after angioplasty and observed no distinctive histopathological findings. In a subsequent report21 involving necropsy examination performed months after balloon dilation of coronary arteries, Waller et 9 Largely because of unanswered questions regarding the compressible nature of atherosclerotic plaque, however, the prevailing contemporary view has been that plaque compression is ". . . unlikely . . . to play a major role in human . . ." balloon dilation. 62 Stretching of the arterial wall has been considered as a potential mechanism for balloon angioplasty,60,62 chiefly in the case of markedly eccentric stenoses. In such cases, it has been suggested that the principal impact of balloon dilation is delivered to the "diseasefree wall," resulting in temporary luminal augmentation. In fact, recent studies reported from our laboratory using a combined balloon/ultrasound inflation catheter41 have documented such a response in vivo. Rare cases of aneurysm57 formation after balloon angioplasty have also been attributed to "overstretching" of the arterial wall.
Implicit in the methods used in all of these previous studies is the requirement for direct tissue examination. This is both because of the limited resolution of contrast angiography and because the conventional angiographic format is limited to a profile of luminal diameter. Additional liabilities of contrast angiography for the study of underlying vessel wall pathology have been well documented. [23] [24] [25] [26] [27] The reliance in these previous studies on direct examination of balloon-dilated arteries was therefore imperative, but at the same time, it introduced certain liabilities. As pointed out previously, necropsy studies may be inherently biased by virtue of the selected population involved, particularly when such studies are limited to an estimated .0.001% of patients treated by balloon angioplasty.59 Even in the absence of such bias, artifacts related to fixation63,64 and processing65,66 of arteries at necropsy make quantitative analyses problematic. Studies of dilated human arteries have been subject to intervals of unpredictable duration between angioplasty and necropsy. Most critical, however, is the liability shared by animal and human studies alike: the balloon-dilated site is evaluated at only one point in time. In the absence of baseline dimensions and/or serial examinations, arguments discounting the effect of compression and stretching constitute a tautology. The opportunity to examine the artery at only one time obviates direct discovery of evidence for or against mechanisms such as compression and/or stretching.
Previous in vitro and in vivo studies have documented certain features of postangioplasty injury by IVUS examination and have shown that these are remarkably similar to that observed by histological examination.28 39, 67, 68 In one such study, Tobis et a37 performed serial in vitro IVUS examinations before and after simulated balloon angioplasty and confirmed previous observations regarding the contribution of plaque fracture. Assessment of compression and stretching, however, was obviated by methodological limitations. In the present study, we have attempted to expand upon this previous experience by performing IVUS examinations in a routine fashion before as well as after balloon dilation to determine quantitatively the relative contributions of each participatory mechanism in vivo.
The present investigation confirms previous observations cited above suggesting that plaque fracture constitutes the principal mechanism responsible for increased luminal patency after balloon angioplasty. Although the site of balloon No., number of arteries; PTA, percutaneous transluminal angioplasty; Angio, angiography; Histo, histology; Pre, before angioplasty; Post, after angioplasty; Fx, plaque fracture; Diss, dissection; TAA, total arterial area; Comp, compression (of plaque); Stretch, stretching (of arterial wall); Can, canine; C, coronary; Hu, human; Cd, cadaver; Rab, rabbit; Ao, aorta; I, iliac; R, renal; M, mesenteric; Pm, postmortem; F, superficial femoral; ?, data not supplied; wks, weeks; h, hours; d, days; m, months; x, analysis performed; 0, analysis not performed; -, negative finding; +, positive finding. three reasons. First, previous pathological studies have failed to document anatomic consequences of balloon angioplasty that are specific for any species, let alone arterial site (see Table 2 ). Second, the most consistent observation in these previous pathological studies has been the finding of plaque fractures, and this finding has been observed by multiple investigators in both the coronary and peripheral circulations. Third, the most consistent finding among preliminary IVUS analyses of balloon angioplasty performed in human coronary arteries is plaque fracture69; the fact that most such studies have been performed post hoc rather than serially leaves open the possibility, however, that alternative mechanisms may be contributory.
Of the three mechanisms investigated, only plaque fracture and plaque compression were consistently observed. Morphometric analysis of the tomographic ultrasound images at the site of balloon angioplasty demonstrated that plaque fracture contributed proportionately more to the neoluminal cross-sectional area than did plaque compression. Of the total increase in luminal cross-sectional area resulting from balloon angioplasty (13.9+1.0 mm2), the area contained within the plaque fractures measured 10.0±0.8 mm2, thus accounting for 71.9% of the total increase in luminal crosssectional area after angioplasty. In contrast, augmentation of the neolumen proper -i.e., exclusive of the area within the fracture sites and therefore the presumed result of plaque compression-measured only 3.9±0.7 mm2. Cross-sectional analysis of the angioplasty site performed in vivo and in serial fashion before as well as after balloon dilation thus clarifies the extent to which plaque fracture, compression, and stretching are responsible for improved luminal patency.
It must be acknowledged that IVUS, like all imaging techniques, is necessarily complicated by subjective delineation of boundary lines used to delineate the arterial lumen, plaque, and media. Irregular calcific deposits, for example, obscure details of the subjacent arterial wall. Nevertheless, in our experience, the subjective aspect of boundary determination in IVUS is no more formidable than is typically encountered with alternative imaging techniques, such as quantitative coronary angiography. Furthermore, previous studies of diseased but non-angioplasty-treated arteries have established that the intraobserver and interobserver variability is between 3% and 6%.33 In our own laboratory, previously reported analysis of balloon-dilated vessels studied with IVUS disclosed that the mean coefficients of variance among the same three observers (D.W.L., K.R., J.M.I.) involved in the current study were 6.05% and 4.77% for measurements of lumen diameter and cross-sectional area, respectively.41
